A layered structure of different copper oxides was produced by thermal oxidation of copper. The structure and microstructure of the different layers were investigated by scanning electron microscopy and transmission electron microscopy. From the substrate to the free surface, three different layers are formed, namely, Cu 2 O layer, CuO layer and CuO nanowires. Based on our observations, a possible formation mechanism of layered copper oxides and CuO nanowires was proposed. The results shed light on the oxidation process of metals and provide insight into the synthesis of copper oxides and CuO nanowires.
Introduction
CuO (cupric oxide) is a p-type semiconductor with narrow band gap of 1.4 eV [1] . A number of interesting properties have been found in this p-type semiconductor material that have led to its myriad technological applications in important fields including solar energy conversion [2] , photocatalysts [3] , fuel cells [4] , emission control [5] and gas sensing [1] . Recently, considerable attention has been directed to one-dimensional CuO nanowires (NWs) due to their unique properties and potential technical applications. Thermal oxidation is regarded as an important method to produce CuO NWs [6] [7] , largely due to its technical simplicity and large-scale growth capability. Understanding the thermal oxidation mechanisms controlling the NWs growth is a critical topic of fundamental study that allows for precise control of the growth processes for achieving desired properties and applications.
In this paper, we report on the microstructural investigation of the CuO NWs and layered copper oxides structure synthesized by thermal oxidation of pure Cu by the scanning electron microscopy (SEM) and transmission electron microscopy (TEM). From the substrate to the free surface, three different layers are formed, namely, Cu 2 O layer, CuO layer and CuO nanowires. Based on the TEM and SEM observations, a mechanism is proposed to account for the formation of the CuO NWs and layered copper oxides structure.
Experimental details
High-purity copper substrates (99.99% purity) are first cleaned in aqueous 1.0 M HCl solution to remove the native oxide layer and then thoroughly rinsed with deionized water followed by ultrasonication in acetone for 5 min. The cleaned Cu substrates are then put on a substrate heater in the vacuum chamber, where the base pressure is ~2×10 -6 Torr and the sample temperature is monitored using a K-type thermocouple in contact with the sample heater. Prior to the oxidation reaction, the Cu substrate is annealed at 600 o C in Ar-10% H 2 for 2 h to further remove any residual native oxide and improve the surface flatness. The annealed Cu substrate is then oxidized at 450 o C for 1 h under 200 Torr oxygen pressures. After oxidation, the sample is naturally cooled down to room temperature under the oxygen atmosphere. Surface morphology and chemical composition of the oxidized samples were examined using a field emission scanning electron microscope (FEG-SEM) FEI Supra 55VP. TEM samples of CuO NWs were prepared by peeling off the products from the surface of the oxidized Cu substrate, then ultrasonicating them in ethanol for several minutes, and dispersing a drop onto a holey-carbon-film-coated copper grid. The morphology and microstructure of individual CuO NWs were analyzed by transmission electron microscopy (TEM) using a JEOL 2100F operating at 200 kV. Fig. 1 (a) , it can be measured that the thickness of the CuO layer is about 1 µm, whereas the thickness of Cu 2 O layer is about 4 µm. Fig. 1 (a) . It can be seen clearly that the inner Cu 2 O oxide layer is composed of coarse grains whereas the outer CuO oxide layer consists of considerably fine grains. As we all know, the densities of the CuO and Cu 2 O are different and both are larger than that of pure Cu. So during the oxidation of pure Cu, the great volume changes can appear between the interface of Cu/Cu 2 O and Cu 2 O/CuO. These volume changes can lead to the formation of stress in the copper oxides layer which make the oxides layer consisting of grains. Fig. 2 (b) shows the representative SEM image of the morphology of the Cu substrate after thermal oxidation. It can be seen from the top-view image that CuO nanowires are formed on the surface. And the side-view image [ Fig. 2 (a) ] shows that CuO nanowires are almost perpendicular to the substrate at their roots. Fig. 2 (c) is a typical bright-field TEM image of an individual CuO NW. It can be seen that the surface of the NW is very smooth, and the average diameter of it is about 40 nm. Fig. 3 Schematic illustration of the formation process for the CuO NWs and layered copper oxides structure.
Results and Discussion
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Based on our observations and previous study, the formation process of the CuO NWs and layered copper oxides structure is schematically demonstrated in Fig. 3 . During the oxidation process of Cu substrate, the two-layered structure is initially formed on the surface of the copper substrate. From the copper substrate to its surface, two oxides layers, Cu 2 O layer and CuO layer, are produced. The rations of the Cu to O in different copper oxides layer is 2:1, 1:1, respectively. The main reason is that the oxygen content decreases gradually from the free surface to the inner part. So the Cu in the surface region can bond with enough O to form CuO layer, whereas the Cu in the inner region cannot combine with sufficient O and only form Cu 2 O layer. Since the significant volume changes in the Cu substrate, CuO layer and Cu 2 O layer, stresses are generated and accumulated at the interface of Cu/Cu 2 O and Cu 2 O/CuO. Under the influence of the stress, the two oxide layers which are composed of many grains will get thicker and thicker. Through the outward diffusion of Cu ions along the grain boundaries, Cu cations are deposited onto the CuO grains, where CuO grains serve as the structural templates for CuO NWs nucleation. With the increase of the time, CuO NWs are formed on the surface of the substrate.
Conclusions
In conclusion, it is revealed that three different layers are formed from the substrate to its surface after the thermal oxidation of pure Cu substrate, which is identified as Cu 2 O, CuO and CuO NWs. The decreased oxygen concentration from the surface to its inner part leads to formation of the layered structure. The out diffusion and deposition of Cu cations lead to the formation of CuO NWs on the CuO grains.
